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Abstract: Microencapsulation is a promising approach in drug delivery to protect the drug from
degradation and allow controlled release of the drug in the body. Fucoxanthin-loaded microsphere (F-LM)
was fabricated by two step w/o/w double emulsion solvent evaporation method with poly (L-lactic-co-
glycolic acid) (PLGA) as carrier. The effect of four types of surfactants (PVA, Tween-20, Span-20 and SDS),
homogenization speed, and concentration of PLGA polymer and surfactant (PVA), respectively, on particle
size and morphology of F-LM were investigated. Among the surfactants tested, PVA showed the best results
with smallest particle size (9.18 pm) and a smooth spherical surface. Increasing the homogenization speed
resulted in a smaller mean F-LM particle size [d(0.50)] from 17.12 to 9.18 pm. Best particle size results and
good morphology were attained at homogenization speed of 20 500 rpm. Meanwhile, increased PLGA
concentration from 1.5 to 11.0 (% w/v) resulted in increased F-LM particle size. The mean particle size
[d(0.5)] of F-LM increased from 3.93 to 11.88 pm. At 6.0 (% w/v) PLGA, F-LM showed the best structure
and external morphology. Finally, increasing PVA concentration from 0.5 to 3.5 (% w/v) resulted in
decreased particle size from 9.18 to 4.86 pm. Fucoxanthin characterization before and after
microencapsulation was carried out to assess the success of the microencapsulation procedure. Thermo
gravimetry analysis (TGA), glass transition (7g) temperature of F-LM and fucoxanthin measured using
DSC, ATR-FTIR and XRD indicated that fucoxanthin was successfully encapsulated into the PLGA matrix,
while maintaining the structural and chemical integrity of fucoxanthin.
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1 Introduction materials with a thin protective layer or wall material” or
Microencapsulation (ME)has been defined as the tech- in small capsules that release their contents at controlled
nology of packaging or coating of solid, gaseous and liquid rates over prolonged periods of time”. ME is one of the
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most interesting modes of drug delivery systemsm. Fur-
thermore, ME in biodegradable polymers, (e.g. PLGA), was
found to be a promising approach to protect potential
drugs from rapid degradation”.

PLGA is most commonly used as a drug carrier due to its
biodegradability and mechanical strength5>. It is most
popular among the various synthetic biodegradable poly-
mers® for pharmaceutical7> and biomedical applicationsg) ,
because it is biocompatible® ', and has been approved by
the American Food and Drug Administration (FDA) for
clinical usage'g). PLGA is also popular because of its ability
to control the release of bioactive macromoleculesm, its
high Versatﬂity“), favorable degradation characteristics and
possibilities for sustained drug delivery systemsg).

Solvent extraction/evaporation method is the most
popular technique of preparing PLGA microspheres or mi-
croparticles™ 14), and this technique has been extensively
studied in recent years for the preparation of micro-
spheresl5>. The solvent/ extraction concept employs methy-
lene chloride or dichloromethane (DCM)and water as dis-
persed and continuous phase, respectively, in an emulsion
type systemw). This method does not require phase separa-
tion- inducing agents or elevated temperatures® 10 , and
could be easily scaled up to produce sterile microcap-
sules” .

Because of their protection and encapsulation efficiency
(EE), w/o/w emulsion is potentially suitable for application
in various domains such as cosmetics, foods and pharma-
ceutics'™’. Thus, in the present study, a fucoxanthin-loaded
microsphere (F-LM)was fabricated by two step w/o/w
double emulsion solvent evaporation method. The effect of
four types of surfactants (PVA, Tween-20, Span-20 and
SDS), the homogenization speed, and concentration of
PLGA polymer and surfactant (PVA), respectively, on parti-
cle size and morphology of F-LM were also investigated.

The properties of fucoxanthin before and after microen-
capsulation were characterized by laser particle size ana-
lyzer, field emission scanning electron microscope (FE-
SEM), thermo gravimetry analysis (TGA), differential
scanning calorimetry (DSC), attenuated total reflectance-
Fourier transform infrared (ATR-FTIR), and X-ray diffrac-
tion (XRD).

2 Materials and methods
2.1 Materials

All chemicals used in this study were of analytical grade.
The co-polymer PLGA (ratio of lactic to glycolic acid is
50:50; 0.4 dL/g) was purchased from PURAC® (The Nether-
lands) . Polyvinyl alcohol (PVA)with MW 115 kDa was pur-
chased from BDH Laboratory Supplies (England), Tween-
20, Span-20 and sodium dodecyl sulfate (SDS)were
supplied by MERCK (Germany), fucoxanthin (purity >
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95% ) was supplied by SIGMA ALDRICH (CAS No. 3351-86-
8)and dichloromethane (DCM)was purchased from Fisher
Scientific (United Kingdom) .

2.2 Fabrication of F-LM

Modified double-emulsion solvent evaporation method
was adopted from Mohamed and Walle' with some modifi-
cations. Briefly, 178 uL of dH,0 was mixed into 22 puL of
PVA, producing 0.5% w/v of aqueous phase. This aqueous
phase was added into both 120 mg of PLGA (50/50) and 400
pg/mL of fucoxanthin previously dissolved in 2 mL DCM
(oil phase). This mixture was homogenized at 20500 rpm
(IKA® T10 basic Ultra-Turrax) for 3 minutes (primary emul-
sion, PE). After homogenization, PE was immediately sub-
jected to 22 mL of 0.5(% w/v)PVA 10 times the volume of
PE® . Then, the mixture was homogenized again at 20500
rpm for 10 minutes to produce the secondary emulsion
(SE). Subsequently, this SE was transferred into a continu-
ously stirred hardening tank™’ containing 100 mL of 0.5%
PVA. This stirring was continued for 2 — 3 hours to allow
complete evaporation of DCM. The hardened microspheres
were collected by centrifugation (2500 rpm), washed with
600 mL distilled water and then lyophilized overnight™’ .
Lyophilized microspheres were kept at —20C in an air-
tight container with silica gel until further evaluation® 2.
Figure 1 shows a schematic diagram of the two-step w/o/w
double-emulsion solvent evaporation method of micro-
sphere synthesisw. In this study, the fabrication of F-LM
was analyzed for the effect of four types of surfactants
(PVA, Tween 20, Span 20 and SDS), the homogenization
speed, and concentration of PLGA polymer and surfactant
(PVA), respectively, on particle size and morphology of
F-LM.

2.3 Characterization of F-LM
2.3.1 Particle size analysis

A LPSA (BT-9300H, Better size Instrument Ltd., China),
which is a laser diffractometer, was used to determine the
size distribution of the microspheres prior to lyophilization.
The microspheres were dispersed in water until around
25% obscurity was reached. The size distribution was ex-
pressed as volume median diameter (VMD) 9 Data pre-
sented indicate the d(0.5), which is equivalent to volume
diameter at 50% cumulative volume® .
2.3.2 External morphology analysis

FE-SEM (JEOL, JSM 6700F Model)was used to capture
images for evaluation of shape, size and external morphol-
ogy of the microspheres. Briefly, a small amount of lyophi-
lized F-LM was mounted on aluminium stubs pre-pasted
with double-sided copper tapes. The samples were sputter-
coated with a thin layer of gold and placed inside the speci-
men chamber at an accelerating voltage of 3 kV at 20T
and 10" Torr™. The obtained SEM micrographs were ex-
amined for characterization of the morphology of the
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Fig. 1 Schematic diagram of two-step double-emulsion solvent evaporation method of F-LM synthesis.

. . 2
various microspheres®’.

2.3.8 Thermal behavior analysis by TGA

TGA was performed to study the thermal behavior of fu-
coxanthin. PLGA (50/50) and F-LM TGA data was obtained
using a thermo gravimetric analyzer (PYRIS Diamond TGA,
Perkin Elmer). 5 — 10 mg of the samples (fucoxanthin,
PLGA and F-LM)were weighed into a sample pan. Mea-
surement was carried out under a nitrogen purge from
39T to 6507TC, at a heating rate of 10C min %

2.3.4 Glass transition temperature (7g) analysis

In this study, the method of Mohamed and Walle' was
adopted to measure the 7'g of fucoxanthin (as core), PLGA
(50/50) (as coating)and F-LM, respectively. DSC (DSC,
Mettler Toledo)with a sensor accuracy of 0.1C was used
to measure the T'g of the materials under nitrogen atmo-
sphere. Approximately 2 mg of sample was spread onto a
40 pL aluminium crucible, making sure the edge of the cru-
cible was spill-free of any materials before it was hermeti-
cally sealed with a pinhole in the lid*”.

The reference against which the materials were mea-
sured consisted of an empty pin-holed aluminium crucible
of the same geometry and mass as the sample’s crucible?’ .
Both the reference crucible and the sample crucible were
first allowed to equilibrate at 0C for 5 min to ensure iso-
thermal starting conditions. The crucibles were then
heated at a rate of 10C/min from 0 to 85C, quench cooled
to —20T and heated again to 85C at 10C/min heating
rate® . The quench-cooled step was performed to erase
any thermal history such as physical ageing that may have
occurred during manufacturing. The re-heating was per-
formed immediately at high temperatures (85C ) so that the
relaxation time (t) was minimized to ensure complete mo-

lecular relaxation of the sample to equilibrium (Mettler
Toledo literature). The bisector method of Tg determina-
tion was used on the scanning curve and calculated using
Mettler Toledo STAR® software version 9.10% .
2.3.5 Functional group analysis

ATR-FTIR spectrometer (Spectrum 100, Perkin Elmer)
was used to analyze the functional groups of the samples
(fucoxanthin, PLGA and F-LM)by measuring attenuated
total reflectance (ATR). ATR-FTIR provides information
about the surface composition of the samples depending
upon manufacturing procedures and conditions® .
2.3.6 Crystallinity analysis

The crystallinity of fucoxanthin (as core), PLGA (50/50)
(as coating) and F-LM were evaluated using XRD (Shimad-
zu, XRD-6000 model, Japan) with X-ray tube: Cu(1.54060
A); voltage: 40.0 kV; current: 30.0 mA; step size: 0.0200
deg; and scan range: 30 — 70 deg, 20 angle.

2.4 Statistical analysis

Statistical analyses were performed using SPSS version
20. All experiments were performed in triplicate and the
mean values were reported. Comparison between means
was performed with Tukey's test. Differences between
means were evaluated as significant at p < 0.05.

3 Results and discussions
3.1 Effect of surfactants on the F-LM particle size

Four selected surfactants PVA, Tween-20, Span-20 and
SDS were incorporated individually into the primary
emulsion (PE) and secondary emulsion (SE) during micro-
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Fig.2 Effect of surfactants on F-LM particle size.

sphere fabrication. The effect of surfactants on micro-
sphere and size distribution of the F-LM is shown in Figs. 2
and 3. In this study, fabrication of F-LM using PVA as sur-
factant produced the smallest particle size (9.18 um),
whereas Span-20 produced the largest particle size (132.53
pum) . The mean particle size[d (0.5) Jof F-LM using PVA,
Tween-20, Span-20 and SDS as surfactants were 9.18,
18.41, 132.53 and 13.13 um, respectively. All of the surfac-
tants were found to have significant effects on the overall
F-LM particle size as observed in Figs. 2 and 3.

Following the post-hoc Tukey's test(p < 0.05), signifi-
cant differences were found between each surfactant.
However, F-LM particle size (9.18 um)with PVA as surfac-
tant was more desirable as a potential candidate for lung

cancer treatment. Particle size is crucial in determining po-
tential candidates for lung cancer drug delivery systemm).
Microspheres with particle size >10 pm are not able to
penetrate the tracheobronchial tree'”. The particle size
(PS)range is very specific because if they are too large,
they do not leave the inhaler. Conversely, if the particles
are too small, they will be inhaled® . Thus, F-LM fabricated
using Tween-20, Span-20 and SDS as surfactants were not
desirable due to their PS>10 pum.

The results from observation of external morphologies of
F-LM are shown in Fig. 4. Surfactants that generated inter-
esting morphology can be potentially applied as a candidate
for lung cancer drug, and thus could be subsequently
tested for aerosolisation properties. The external morphol-
ogy of microspheres produced using PVA as surfactant
presented spherical and distinct smooth surfaces (Fig. 4A).
However, the external morphology of SDS-derived micro-
spheres was both spherical and nonspherical with discrete
smooth surfaces (Fig. 4D). Conversely, the external mor-
phology of microspheres fabricated using Tween-20 and
Span-20 as surfactants produced irregular particle shapes
that aggregated (Figs. 4B and 4C).

From this study, PVA was found to be the best surfac-
tant, since it produced microspheres with a distinct smooth
spherical surface of particle size of around 9 um. This size
is desirable for pulmonary drug delivery (<10 pm). PVA is
widely used in the preparation of micro/ nanoparticleszg).
Moreover, PVA is a well-known protective colloid used in
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Fig. 3 The effect of surfactants on size distribution of F-LM particle size by using several surfactants incorporated in both
primary and secondary emulsion in microsphere fabrication, such as PVA(A), Tween-20(B), Span-20(C)and SDS
(D). LSPA (BT-9000H, Bettersize Instrument Ltd., China)was used to analyze the size distribution of microspheres.
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Fig.4 Scanning electron micrograph(SEM) of
microspheres by using surfactants as both primary
and secondary emulsion such as PVA(A),
Tween-20(B), Span-20(C)and SDS(D). The
external morphologies of F-LM by using FE-SEM
(JEOL, JSM 6700F Model, Japan)with
magnification 1500X.

suspension polymerizationSO). The presence of PVA in the
external water phase results in smaller emulsion droplets
because PVA stabilizes the emulsion droplets against co-
alescence'” . The stabilization of the microsphere emulsion
with PVA in microspheres occurs with the surface hydroxyl
groupsm. Thus, PVA was used as the surfactant for further
studies.

3.2 Effect of homogenization speed on the F-LM particle
size

The effects of homogenization speed on microsphere
particle size in the fabrication of F-LM are shown in Figs. 5
and 6. In this study, increased homogenization was found
to have negative correlation on overall F-LM particle size,
as observed in Fig. 5. Thus, increase of homogenization
speeds from 8,000 to 20,500 rpm resulted in decreased
F-LM particle size. The mean particle size[d (0.50) Jof
F-LM decreased from 17.12 to 9.18 pm.

The mean PS of F-LM with homogenization speeds of
8,000; 11,500; 14,500 and 20,500 rpm were 17.12, 15.12,
12.57 and 9.18 um, respectively. All of the homogenization
speeds were found to have significant effects on the overall
F-LM particle size, as can be observed in Fig. 5. Following
the post-hoc Tukey's test (p < 0.05), significant differences
were found between homogenization speeds. Zhu et al®
reported that the particle size of microspheres is mainly
dependent on the stirring rate in the emulsion-evaporation
method.

Homogenization speed had the largest effect on micro-
sphere size. Increase in homogenization speed produced
smaller microspheres33>. At a higher stirring rate, larger

Mean values with the
same letter do not
statistically differ

(®)
from each other by
(© | the ANOVA Tukey
test (2 £0.05)
(d)

11,500 14.500 20,500
Homogenization speed (rpm)

2
18 ‘ @

16
14
12
8
6
4
2
0
8.000

Fig.5 Effect of homogenization speed on F-LM particle
size.

Particle size (qun)
=

Fig.6 SEM of F-LM with various of homogenization
speed; 8,000 rpm (A); 11,500 rpm(B); 14,500 rpm
(C):; and 20,500 rpm (D). The external
morphologies of F-LM by using FE-SEM (JEOL,
JSM 6700F Model, Japan)with magnification
1500X.

shear energy is supplied to separate the oil phase into
smaller globulesw. Hence large surface area can be equili-
brated, which corresponds to smaller droplets and particle
size®.

Homogenization speed also affected the external mor-
phology of F-LM (Fig. 6). Figure 6A shows the external
morphology of microspheres produced at homogenization
speed of 8000 rpm. Several morphologies such as spherical
shape, irregular size, discrete particles and aggregates
were observed. Aggregates were formed perhaps due to
fast diffusion rate of solvent, causing the solvent to diffuse
into the aqueous phase before stable microspheres were
formed®’ . Particle size was largest at homogenization
speed of 8,000 rpm (d(0.5) =17.12). The external mor-
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phology of F-LM with homogenization speed of 11,500 rpm
(Fig. 6B)was similar to that with speed of 8,000 rpm (Fig.
6A). However, the particle size of F-LM with homogeniza-
tion speed of 11,500 rpm was lower than that of 8,000 rpm
(d(0.5) =15.12 pm). The external morphology of F-LM
with homogenization speed of 14,500 rpm was better than
both homogenization speeds of 8,000 and 11,500 rpm. The
F-LM morphology at this speed was spherical, regular size
and discrete with only small aggregates observed. Con-
versely, the external morphology of F-LM at homogeniza-
tion speed of 20500 rpm showed spheres with discrete
smooth surface (Fig. 6D), and no pores. The particle size of
F-LM generated at this speed was the smallest (d(0.5) =
9.18 um).

Ehtezazi et al.*” reported that formulations prepared at
higher speed contain smaller and more narrowly distribut-
ed pores than those prepared at lower speed. Mehrotra and
Pandit’” reported that high stirring rate enhanced mass
transfer and rate of diffusion between the phases, which
induced homogenous supersaturation and rapid nucleation
to produce smaller sized microspheres. Thus, increasing
homogenization speed decreased the size of the micro-
sphere. This is because larger droplets of the dispersed
phase are broken down into smaller droplets at high ho-

mogenization speeds™ .

3.3 Effect of PLGA concentration on the F-LM particle
size

The effects of PLGA concentration on the fabrication of
F-LM are shown in Figs. 7 and 8. PLGA concentrations
were found to have positive correlation on overall F-LM
particle size as observed in Fig. 7. Thus, increased PLGA
concentration from 1.5 to 11.0(% w/v)resulted in in-
creased F-LM particle size. The mean particle size[d (0.5) ]
of F-LM increased from 3.93 to 11.88 um. The mean parti-
cle size of F-LM with PLGA concentrations of 1.5, 3.0, 6.0,
9.0 and 11.0(% w/v)were 3.93, 6.85, 9.18, 10.95 and 11.88
pum, respectively.

Following the post-hoc Tukey's test(p < 0.05), signifi-
cant differences were found between PLGA concentra-
tions. From this study, the effect of PLGA concentration on
F-LM particle size was opposite to the effect of homogeni-
zation speeds. Fu et al.® reported that homogenization
speed and polymer (PLGA) concentration had the largest
effects on microsphere size. Increase in homogenization
speeds caused a decrease in the microsphere size, whereas
decrease in polymer concentration caused a decrease in
microsphere size.

The SEM micrographs of F-LM produced with various
PLGA concentrations are shown in Fig. 8. The F-LM pro-
duced at all PLGA concentrations showed very smooth and
discrete poreless spheres. However, their particle sizes are
different. Figure 8A showed that at 6.0(% w/v)PLGA the
structure and external morphology of F-LM was of regular
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Fig.7 Effect of PLGA concentration on F-LM particle
size.

Fig.8 SEM of F-LM with various PLGA concentrations;
6.0(% w/v) (A), 9.0(% w/v) (B)and 11.0(% w/v)
(C). The external morphologies of F-LM by using
FE-SEM (JEOL, JSM 6700F Model, Japan)with
magnification 1500X.

shape (only spherical), whereas at 9.0 and 11.0(% w/v),
the structures and external morphologies of F-LM were
complex and had irregular shapes (spherical and nonspher-
ical) (Figs. 8B and 8C). The complex structures and exter-
nal morphologies obtained when using higher PLGA
polymer concentration were apparent in SEM micrographs
of the F-LM in Figs. 8B and 8C. The results can be ex-
plained as the coalescence of several microspheres into a
single structure, eventually including smaller spheres

inside the larger structures®”.

3.4 Effect of PVA concentration on the F-LM particle size

In this study, PVA concentration had profound effects
over the particle size surface and external morphology of
F-LM(Figs. 9 and 10). PVA concentrations were found to
have negative correlation on overall F-LM particle size as
observed in Fig. 9. Thus, increasing PVA concentration
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Fig.9 Effect of PVA concentration on F-LM particle size.

Fig. 10 SEM of F-LM with various PVA concentrations; 0.5
(% wiv) (A), 2.5(% wiv) (B), 3.0(% wiv) (C)and
3.5(% w/v) (D). The external morphologies of
F-LM by using FE-SEM (JEOL, JSM 6700F Model,
Japan) with magnification 1500X.

from 0.5 to 3.5(% w/v)resulted in decreased particle size
from 9.18 to 4.86 um. The mean particle size of F-LM with
PVA concentration of 0.5, 2.5, 3.0 and 3.5(% w/v)were
9.18, 7.12, 5.66 and 4.86 um, respectively. Following the
post-hoc Tukey's test(p < 0.05), significant differences
were found between PVA concentrations. Brunner et al.*”
reported that increasing the concentration of PVA provides
conditions to obtain smaller emulsion droplets resulting in
the formation of small microspheres. Increasing the con-
centration of PVA in the external water phase resulted in
smaller emulsion droplets because PVA stabilized emulsion
droplets against coalescence'”.

Increasing stabilizer concentration in the external phase
decreased the superficial tension between the aqueous and
organic phase, which resulted in a reduced diameter size in
the multiple emulsion globules™ . This frequently leads to a
decrease in microsphere size™. Keegam31> pointed out that
the stabilization of the microsphere emulsion with PVA is
due to surface hydroxyl groups.

The SEM micrographs of F-LM with various PVA concen-
trations are shown in Fig. 10. The F-LM produced at all
PVA concentrations showed smooth and poreless surface
morphology. However, the particle sizes generated were
different.

3.5 Characterization of F-LM
3.5.1 Thermal analysis of materials

The thermal behavior of fucoxanthin, PLGA and F-LM
were investigated by thermo gravimetry analysis (TGA)
under different heat conditions. TGA measurements
provide data regarding the thermal stability of F-LM and
weight loss during heating“). TGA also provides informa-
tion on the content of volatile components such as water or
solvents, ash or filler content and decomposition behavior
of the materials™.

The TGA curves of fucoxanthin, PLGA and F-LM are
shown in Fig. 11. Thermal behavior was investigated up to
~650T. From 40 to 161C, fucoxanthin exhibited a 3.4%
weight loss. This shows that the decomposition process
under heating proceeds in several steps: fucoxanthin evap-
oration occurs at around 161C, while PLGA and F-LM
degradation start at around 250T (weight lost 3.1%),
progress with maxima at around 369C (weight lost 54.1% )
and end at 503.7C (weight lost 95.7%) . The TGA patterns
of PLGA and F-LM were the same, and their curves almost
overlapped. The F-LM curve corresponded to the PLGA
curve. The results suggest that fucoxanthin was encapsu-
lated inside in the PLGA matrix. In conclusion, no strong
chemical interactions that alter the chemical structure and
drug structural integrity between fucoxanthin and the
PLGA matrix were observed.

3.5.2 The Tg analysis of materials

Prasanth et al.*” reported that the thermal analysis of
microcapsules/ microspheres and their components can be
performed using TGA and DSC. The DSC and TGA curves
provide some information about the various observations
during heat treatment. The TGA curve reveals the changes
in weight, but the DSC, which is associated with calorific
phenomenon, occurs with no detectable weight change“).
DSC has been one of the most widely used calorimetric
techniques to characterize and analyze the physical state
of drugs encapsulated in the polymeric matrix™ .

In this study, the DSC thermogram of fucoxanthin, PLGA
and F-LM are shown in Fig. 12. DSC measures the differ-
ence between the heat flow to the sample and the refer-
ence pan when subjected to the same temperature
program. The heat flow corresponds to transmitted power
and is measured in milli watts (mW)*?. Tg is reported as
the T onset of the corresponding glass transition”. Tg is
exhibited by amorphous polymers or amorphous regions of
partially crystalline polymers when a viscous or rubbery
phase is transformed into a brittle%), hard, glass-like
phaseZZ). Tg is one of the crucial properties of any polymer
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or polymer-based substance. This characteristic should be
highly considered during development of novel polymer-
based products™”.

The T onset of PLGA is 44.86TC (Fig. 12C), indicating
that the glass transition temperature of PLGA (50:50)was
~45C . The Tg for blank microspheres(44.86C ) corre-
sponded to the T'g value of raw PLGA, as provided by the
manufacturer (ca. 45C). Wang™ reported that the Tg of
PLGA (50:50)is between 45 to 50C.

Moreover, Passerini and Craig‘“’) reported that the 7'g of
PLGA copolymers are commonly above the physiological
temperature of 37C and hence are glassy at room temper-
ature, thus exhibiting fairly rigid chain structure suitable
for controlled drug delivery™. A polymer that has a Tg
nearly that of body temperature, when administered, will
become more ductile than at room temperature, affecting
the mechanical strength to be fabricated into delivery
devicem, drug release and degradationzz).

Moreover, F-LM (Fig. 12B)has two endothermic peaks at
around 10T and 36C, respectively, whereas the two sharp
endothermic peaks of fucoxanthin (Fig. 12A)at 4C and
29T are due to the fusion and evaporation of the adsorbed
water, and the two blunt exothermic peaks at 85C and
100TC are ascribed to the thermal decomposition in con-
secutive stages during heating. From this study, the 7'g of
F-LM and fucoxanthin are 28.12C (T onset)and 23.46C (T
onset), respectively.

DSC is sensitive to the heat changes associated with
thermally-driven phase transition®”. It is well known that
DSC is very helpful to the study of the thermal properties
of particles, showing both qualitative and quantitative in-
formation on the physicochemical state of the drugs in the
particle552>. DSC also has many applications during pre-for-
mulation screening of new drug candidates, but definitive
assignment of peaks to specific events in the sample is dif-
ficult without supplementary data from other techniques.
Thus, the absence of any chemical interaction between
drug and polymer could be confirmed by DSC, FTIR, and
TGA techniques. XRD pattern of formulation confirmed
the intense superimposition of polymer and drugzml
3.5.3 Functional group analysis of materials

ATR-FTIR is used to determine the degradation of the
polymeric matrix of the carrier system. Additionally, FTIR
can be used to characterize the chemical structures of the
materials and the interactions between the polymer and
the drugsw. The surface of the microcapsule/ microsphere
is investigated by measuring ATR. The IR beam passing
through the ATR cell is reflected many times through the
sample to provide the IR spectra of the surface material® .
ATR-FTIR provides information about the surface composi-
tion of the microsphere depending upon manufacturing
conditions and procedures53>.

In the present study, fucoxanthin, PLGA matrix and
F-LM were assessed by ATR-FTIR, and the obtained

spectra are presented in Fig. 13. The PLGA polymer
showed peaks such as C-O-C stretching at 1082 cm ™'
(1050-1250 cm '), C-H stretching in methyl groups at 1450
cm ', carbonyl —-C =0 stretching vibration at 1746 cm '
(1700-1800 cm '), -CH, -CH,, -CH, stretching vibration at
2955 cm ™' (2850-3000 ¢cm '), and —OH stretching vibration
at around 3500 cm ™' (3200-3500 cm ') The pure fucoxan-
thin sample showed main peaks contributed by the func-
tional groups of molecules such as —CO stretching at 1029
em ™' (1000-1260 cm ™), C-C(0)-C stretching (all others) at
1181 ecm ™ '(1150-1210 cm ™ '), C-C(0)-C stretching (esters)
at 1243 cm '(1230-1260 cm '), -CH; bend (alkenes) at
1366 cm ™' (~1375 cm ™), -C =0 stretching (carboxylic
acid)at 1722 em '(1700-1730 ecm '), -CH stretching at
2931 cm ' (2800-2950 cm ') and —OH stretching vibration
at 3407 em™ ' (3200-3500 cm ™).

The spectral analysis indicated that the functional
groups of PLGA on the surface of microsphere are almost
the same chemical characteristics. On the other hand,
there was no significant difference between spectra of
physical F-LM and PLGA. No obvious spectrum shift is ob-
served after the formulation of F-LM, which confirms that
fucoxanthin had no strong chemical interaction with PLGA
and was physically dispersed in the polymeric matrix. The
fucoxanthin (as core)maintained good stability during the
preparation process. From these characteristic peaks, it
can be concluded that fucoxanthin was encapsulated by
PLGA as expected. Thus, in this study, the core-polymer
interaction and degradation of core during microencapsula-
tion were determined by FTIR™.

3.5.4 Crystallinity analysis of materials

Crystallinity is defined as the weight fraction of the crys-
talline portion of a polymer. XRD is most frequently used
to measure crystallinity in polymers‘“”. The change in crys-
tallinity of a drug can be determined by this techm’que‘m).

In this study, XRD was used to determine crystallinity
and polymorphic forms of the samples. The XRD spectra of
fucoxanthin, PLGA and F-LM are shown in Fig. 14. Fuco-
xanthin exhibited several characteristic intense peaks at 20
=37.9°, 38.5%, 44.2°, 44.6°, 64.5° and 65.1°. All these
peaks are ascribed to its crystalline nature (a crystalline
solid). For PLGA, there were only quite low peaks. PLGA
showed its characteristic low intense peaks at 20 =38.5°,
44.6° and 65.1°. These peaks are ascribed to PLGA (50/50)
because it is more amorphous than fucoxanthin. Yamaguchi
et al.”” have reported that PLGA in nature is amorphous.

F-LM in this study showed the same XRD pattern (3
peaks)as PLGA. This correlated with the TGA results (both
curves nearly overlapping), and its intense peaks at 20 =
38.5°,44.6° and 65.1°. F-LM presented peaks of diminish-
ing intensity, suggesting the amorphous nature of fucoxan-
thin present in the PLGA microsphere. The change in crys-
tallinity of fucoxanthin was determined by this technique.
The results indicated that fucoxanthin was successfully en-
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analysis of functional groups of the materials.

trapped in the PLGA microsphere. Additionally, fucoxan-
thin (as core)maintained good stability during the prepara-
tion process. From the characteristic peaks of XRD
pattern, it can be concluded that fucoxanthin was success-
fully encapsulated by PLGA as expected.

4 Conclusion
Fucoxanthin was microencapsulated in PLGA using a
two- step w/o/w double-emulsion solvent extraction

650

method to produce fucoxanthin- loaded microspheres
(F-LM). Microencapsulation is a promising approach for
drug delivery to protect against rapid degradation and
allow controlled release during administration. The results
of this study suggest that type of surfactant, homogeniza-
tion speed, concentration of the PLGA polymer and con-
centration of the surfactant were significant processing pa-
rameters affecting size and surface morphology of the final
F-LM. Among the surfactants, PVA showed best results in
terms of size and surface morphology, while Span-20 was
least desirable. Higher homogenization speeds resulted in
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Fig. 14 XRD spectra of fucoxanthin(A), PLGA (B)and F-LM(C)
model, Japan) with X-ray tube: Cu(1.54060 A); voltage:
range: 30 — 70 deg, 20 angle.

better F-LM products compared to lower speeds. Concen-
tration effect of PVA and PLGA had opposite effects on the
F-LM; higher concentrations of PVA produced smaller par-
ticles, while higher concentrations of PLGA produced more
desirable microspheres. Characterization of the product
before and after microencapsulation can be carried out to
evaluate the success of a microencapsulation procedure.
Thermal behavior analyses of F-LM carried out using TGA
and DSC, as well as functional group analysis using ATR-
FTIR and crystallinity analysis using XRD indicated that
fucoxanthin was successfully entrapped in the PLGA
matrix whilst maintaining its chemical and structural integ-
rity as a core. The results present a two- step w/o/w dou-
ble-emulsion solvent extraction method for the fabrication
of fucoxanthin-loaded microspheres as a drug delivery
system for potential applications in pharmacy and biomedi-
cine.
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